Abstract-In this letter, we propose a new windowing method for efficient spectral shaping in orthogonal frequency division multiplexing (OFDM) based systems. Unlike the conventional windowing techniques where the same windowing is used for all the subcarriers within an OFDM symbol, in the proposed approach, windowing is heavily applied to the subcarriers located at the edges of the band; shorter windowing sizes are used for the inner subcarriers compared to edge subcarriers. Instead of introducing additional windowing interval, in the proposed approach, the windowing time is stolen from the cyclic extension size. Therefore, with the proposed approach, sidelobe suppression is achieved while maintaining the spectral efficiency. The proposed technique brings about a new degree of freedom in achieving spectrally efficient sidelobe suppression and introducing controllable inter-carrier-interference (ICI) and inter-symbolinterference (ISI). This degree of freedom can be exploited with subcarrier based adaptive approaches like adaptive modulation, power control, and scheduling to improve the capacity and performance of OFDM based wireless communication systems.
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I. INTRODUCTION

E
FFICIENT usage of the spectrum resources has gained an extra importance with the emerging concepts of cognitive radio and spectrum aggregation [1] , [2] . Orthogonal frequency division multiplexing (OFDM) is one of the candidate signaling schemes for cognitive radios and spectrum aggregation due to the operability over the discontinuous subbands [3] . However, OFDM waveform is a combination of rectangular windowed orthogonal subcarriers. Since the rectangular windowed subcarriers correspond to sinc functions in frequency domain, OFDM suffers from high sidelobes, which results in adjacent channel interference (ACI).
In the literature, there are several methods proposed to suppress the sidelobes and prevent ACI. Disabling a set of subcarriers (guard subcarriers) may be used for reducing the impact of the sidelobes. However, sacrificing these subcarriers decreases the throughput of OFDM. One of the well-known techniques for suppressing the sidelobes is to apply windowing to the OFDM symbol in time domain. In [4] , raised cosine windowing is suggested. However, an extra time period (in addition to cyclic prefix) is necessary between two consecutive OFDM symbols, decreasing the spectrum efficiency. Another method for sidelobe suppression is to insert cancellation carriers instead of guard carriers [5] . Cancellation carriers are modulated subcarriers with complex coefficients which are calculated depending on the input data symbols. Drawbacks of this method are reduced bit error rate (BER) performance because of the extra power consumption for cancellation carriers and additional computational processing [6] . In [7] , a sidelobe suppression method, which is based on smoothing the transition between consecutive OFDM symbols in an adaptive manner, is proposed. This approach is similar to cancellation carrier technique, but it is in time domain and it does not increase the peak-to-average power ratio (PAPR). As can be seen from the literature, almost all the successful techniques come with the penalty of reduced spectral efficiency. However, by allowing controlled interference, sidelobe suppression in an OFDM based system can be achieved while maintaining the spectral efficiency.
In this paper, we propose a spectrally efficient sidelobe suppression method, referred to as edge windowing, for OFDM based systems. Unlike the aforementioned sidelobe suppression techniques, we use different windowing on different subcarriers to control the sidelobes. Heavy windowing is applied on the subcarriers located at the edges of the band (edge subcarriers) and light windowing is applied on the subcarriers located at the middle of the band (inner subcarriers), since ACI is mainly determined by the edge subcarriers. In addition, we reduce the cyclic extension size of the edge subcarriers to maintain the spectral efficiency. The major goal of the proposed method is to achieve sidelobe suppression while maximizing the spectral efficiency. The conventional windowing techniques achieve the first goal, but they fail in the second one. Our proposed method achieves both by introducing controllable inter-carrier-interference (ISI) and intersymbol-interference (ISI). Hence, our approach introduces a new degree of freedom in achieving spectral efficient sidelobe suppression and introducing controllable ISI/ICI.
II. CONVENTIONAL WINDOWING
Consider an OFDM symbol with available subcarriers, CP cyclic prefix size, s symbol duration, and G guard carriers. In the conventional windowing techniques, the transition between two consecutive OFDM symbols is smoothed in order to suppress the sidelobes. Therefore, an extra windowing time W is placed between two consecutive OFDM symbols to maintain the smooth transition. While the subcarriers of the previous OFDM symbol fade out in this interval, the subcarriers of the consecutive OFDM symbol fade in as in Fig.1(a) . The smooth transition is provided with point-to-point multiplication of the windowing function and the OFDM symbol extended with postfix 1 and prefix 2 . Then, only W samples from the last part of the previous OFDM symbol and W samples from the beginning part of consecutive OFDM symbol are overlapped to maintain the orthogonality. Since the duration of the windowed OFDM symbol is + CP + W , conventional windowing decreases the spectrum efficiency of the OFDM symbol depending on W . On the other hand, since the cyclic prefix and data part of the OFDM symbol remain, there is no ISI problem due to the multipath delay spread.
III. EDGE WINDOWING
The edge windowing methodology is based on the well known fact that the inner subcarriers have less impact on the sidelobes compared to the edge subcarriers, since the subcarriers spread as sinc function in frequency domain [4] . Thus, the smooth transition between consecutive OFDM symbols can be achieved by considering mostly the edge subcarriers for windowing operation. Therefore, windowing is heavily applied to edge subcarriers and the windowing size of the inner subcarriers is decreased to as shown in Fig.1(b) . The important points for edge windowing are given as follows:
1) The advantage of the edge windowing is to maintain the spectrum efficiency of OFDM while achieving sidelobe suppression. Additionally, the proposed method not only reduces the additional windowing time of the conventional windowing, but also removes the need for guard bands. 2) A better spectrum shaping is provided by increasing .
However, if increases, the number of inner subcarriers which have larger cyclic extension sizes decreases. Additionally, it may introduce ISI and ICI on the subcarrier depending on the channel dispersiveness. Also, increasing edge W for a given time period of two consecutive OFDM symbols result in better sidelobe suppression. However, it can cause more ICI and ISI, since it reduces the cyclic extension sizes of the edge subcarriers.
3) It is possible to make inner W = 0. Therefore, no windowing is utilized for inner subcarriers by relying on only the sidelobe suppression of the edge subcarriers. However, this approaches maintains the spectral efficiency of OFDM maximally. 4) If the maximum excess delay spread is equal or less than edge CP , neither ISI and ICI are observed on both edge and inner subcarriers. On the contrary, if the maximum excess delay spread is larger than edge CP , both ISI and ICI are observed in the edge subcarriers. In addition, since the orthogonality is lost between the edge and inner subcarriers, only ICI is observed at inner subcarriers. Note that the impact of the ICI caused by edge subcarriers becomes weaker for inner subcarriers. 5) The ICI is caused by the first edge W samples of the edge subcarriers. This part constitutes the combination of two consecutive OFDM symbols as in Fig.1(b) . Since the time distance between main parts of the two sequential OFDM symbols is still more than CP and the edge subcarriers of previous OFDM symbol fade out in windowing period, the power of the observed ICI on the inner subcarriers will be mitigated by the characteristics of used windowing function. 6) Since the inverse fast Fourier transformation (IFFT) and windowing are linear operations, edge windowing method can be implemented by employing two branches for edge and inner subcarriers: i.e an IFFT and windowing just for inner subcarriers and another IFFT and windowing just for edge subcarriers as in Fig.1(c) . Edge windowing requires point-to-point operations such as point-to-point multiplication of windowing function and IFFT results and point-to-point summation of the results of the two branches. Thus, the edge windowing does not increase the computation complexity of the IFFT operation which is O( 2 ). 7) Edge windowing can be applied not only to OFDM based systems (like OFDM, OFDMA) but also to other OFDM-like systems ( i.e, single carrier frequency divi- Since edge windowing is a method to apply the windowing function to OFDM based systems, different windowing functions can be used with edge windowing. 9) For the sake of simplicity, edge windowing is introduced via grouping the subcarriers as inner and edge subcarriers with two windowing operations. It is possible to extend the edge windowing by employing different windowing functions or different windowing sizes for more than two subcarrier groups.
IV. NUMERICAL RESULTS AND CONCLUSION
In the simulations, we consider raised-cosine windowing function given in [4] , since raised cosine windowing function is widely utilized in OFDM based system. For OFDM signal parameters, we set = 1024, CP = 64, s = 66.7 s,
We consider the ITU Vehicular A model given in [8] . We use Rayleigh distribution in each channel realization and normalize the total power of the generated channel to 1. We perform the simulations over 5000 OFDM symbols and 20000 different channel realizations.
In Fig. 2 , we analyze the impact of the edge windowing on the average error vector magnitude (EVM) performances of each subcarrier for different and edge CP values. The power of the interference can be adjusted by changing the introduced edge windowing parameters. The last tap of the ITU Vehicular A model is at 2510 ns (or nearly 39 samples). Thus, if edge CP is selected as larger or equal than 39, the ISI/ICI will be avoided totally for any value. If edge CP decreases less than 39, ISI/ICI on edge subcarriers and only ICI on inner subcarriers are observed. As mentioned in the previous section, the impact of the ICI becomes weaker on inner subcarriers as in Fig. 2 . Thus, EVM becomes more severe on edge subcarriers. In addition, increasing results in more EVM for the cases of In Fig. 3 , the suppression performance of the edge windowing and the conventional windowing relative to the nonwindowed OFDM is compared at various frequencies away from the most edge subcarrier. We consider Fig. 3(b) . If increases, the suppression performance of edge windowing increases as in both Fig. 3(a) and Fig. 3(b) . The proposed method approaches to the suppression performance of conventional windowing for every frequency after = 300. On the other hand, by increasing edge W , edge windowing provides sharper spectral shaping compared to the conventional as in Fig. 3(b) . Also, we should note the throughput with edge windowing increases 2.57% compared to the throughput with the conventional windowing method with these parameters.
The impact of the edge windowing parameters on spectral provides more sidelobe suppression and less EVM while decreasing the spectral efficiency.
As a result of our study, we can conclude that the proposed edge windowing technique provides both spectral efficiency and sidelobe suppression. It is critically important that edge windowing introduces a new degree of freedom in spectral efficient sidelobe suppression and controllable ISI/ICI. By changing the introduced parameter of edge windowing; suppression performance and spectral efficiency can be changed adaptively by introducing controllable interference. This degree of freedom can be exploited with subcarrier based adaptive approaches like adaptive modulation, power control, and scheduling to improve the capacity and performance of OFDM based wireless communication systems.
